ABSTRACT: This Level II study assessed clinically relevant outcomes for repair of large, retracted infraspinatus tendons (ISTs) using a demineralized bone matrix (DBM) sponge (FlexiGraft) hydrated in platelet-rich plasma (PRP) versus direct repair in a validated canine model. Adult research dogs (n ¼ 10) were used. The IST was transected in each shoulder (n ¼ 20) and randomized to direct repair or repair with DBM-PRP interposition at 4 weeks posttransection. At 12 weeks postrepair, dogs were sacrificed, and the repair evaluated by magnetic resonance imaging (MRI), histology, and biomechanical testing. MRI and histology scores were significantly (p < 0.05) better in the DBM-PRP shoulders. Biomechanical testing revealed significantly improved strength of the DBM-PRP repairs at 5 and 10 mm of displacement, as well as for ultimate failure load. In this canine model of retracted IST repair, DBM-PRP sponge hydrated in PRP was considered safe and effective. In addition, use of DBM-PRP was associated with improved MRI and histologic appearance, and improved strength compared to direct repair. Clinical significance: Based on reported failure rates for repair of large, retracted rotator cuff tears, improving tendon-to-bone healing is critical. Use of DBM combined with PRP shows potential for addressing this critical clinical need. Keywords: bone-tendon repair; chronic infraspinatus tear; demineralized cancellous bone sponge; rotator cuff repair; tendon healing There are more than 250,000 rotator cuff repair procedures performed in the U.S. annually, and the average rate of failure for repaired tendon healing is 25%.
There are more than 250,000 rotator cuff repair procedures performed in the U.S. annually, and the average rate of failure for repaired tendon healing is 25%. 1 However, other studies have documented >80% failure rates depending on the size of the tear and age of the patient. 2 Controllable surgical variables that may mitigate the risk of failure include method of fixation, materials for fixation, and biologic enhancement of tendon-to-bone healing.
While several studies argue that clinical outcomes may be acceptable in the face of incomplete tendon healing, [3] [4] [5] it is clear that functional shoulder strength is significantly better in patients with a healed tendon. In addition, tear progression holds high risk for significant dysfunction and pain as increasing tear size is associated with severity of symptoms. 6, 7 As such, preventing progression of the disease and improving functional outcomes by predictably achieving tendon healing remain the primary goals for operative repair of rotator cuff pathology.
Enhancing the quality and speed of healing for tendon repairs has been a major focus of research in this area. [8] [9] [10] [11] The majority of this work has centered on soft-tissue patches or injectable products such as platelet-rich plasma (PRP) while other research has pursued methods for directly augmenting the tendon-bone junction. 12 Previous work has suggested that biologic and biomechanical augments to healing are both important for optimizing successful functional repair. 9 ,10 PRP and demineralized cancellous bone sponges are Food and Drug Administration-approved and commercially available products that have the potential to provide biologic and biomechanical augments for rotator cuff healing. The sponge can act as a scaffold for cellular attachment and proliferation and retains osteoinductive potential with bone morphogenetic proteins (BMPs) which may improve osseous integration. Therefore, the purpose of the present study was to investigate the effects of a demineralized cancellous bone sponge soaked in PRP and interposed at the site of tendon-bone repair compared to standard-of-care repair in a large, retracted rotator cuff tear model in dogs.
MATERIALS AND METHODS

Surgical Technique
With Institutional Animal Care and Use Committee approval, skeletally mature (2-4 years of age, mean weight ¼ 30 kg; Marshall Farms BioResources, North Rose, NY, 145 USDA #21-A-008) purpose-bred dogs (n ¼ 10) were premedicated, anesthetized, and prepared for aseptic surgery of both shoulders (n ¼ 20). Through a 2 cm incision over the proximal humerus, the infraspinatus tendon (IST) was identified and the musculotendinous junction was tagged with 2-0 nylon suture. The IST insertion-to-suture distance was measured and recorded. The IST was then isolated, completely transected at its insertion, and allowed to retract. The IST insertion-to-suture distance was then re-measured and recorded. Incisions were closed in a standard fashion, and the dogs were allowed activity as tolerated for 4 weeks. The IST has been used for rotator cuff models in dogs based on its more similar anatomy and functions to humans, and this model of retracted rotator cuff tendon tears has been validated to consistently result in lack of functional healing without surgical repair.
Four weeks after IST release, dogs were again premedicated, anesthetized, and prepared for aseptic surgery of both shoulders. Left and right shoulders were randomly assigned to undergo direct repair (standard [STD]) (n ¼ 10) or repair with a demineralized canine cancellous allograft bone matrix (DBM) sponge (FlexiGraft [FLX]) (10 mm Â 15 mm Â 2 mm) FLX Sponge, LifeNet Health, Virginia Beach, VA) (n ¼ 10) interposed between tendon and bone. Through a craniolateral approach to the shoulder with retraction of the acromial head of the deltoid muscle, the IST was identified and mobilized by the sharp release of adhesions. Fibrous tissue at the IST footprint was debrided, and the humeral tuberosity was superficially decorticated to induce bleeding of the entire footprint.
For both groups, IST repair was performed by first placing a suture anchor (2.4 mm Â 12 mm SutureTak with #2 FiberWire, Arthrex, Inc., Naples, FL) for the medial (caudal) row. The suture from this anchor was placed through the IST at the medial (caudal) extent of the footprint area. Suture tape (2 mm FiberTape, Arthrex, Inc.) was placed in the IST 2 mm medial (caudal) to the anchor suture in a horizontal mattress pattern. The anchor suture was then tied opposing the IST to the humeral tuberosity. The free ends of the anchor suture and suture tape were passed into a knotless anchor (4.75 mm Â 19.1 mm Swivelock, Arthrex, Inc.) which was then implanted into the humeral tuberosity lateral (cranial) to the IST footprint À compressing the tendon into the prepared bed (footprint) using a suture bridge technique. For the DBM-PRP group, the canine cancellous bone sponge was soaked in 2 ml of autogenous leukocyte-reduced platelet rich plasma (2% Angel System preparation, Arthrex, Inc.) for 10 min. The PRP was characterized for each dog by complete blood count of whole blood and PRP (mean PRP platelets: Whole blood platelets ¼ 3.4 AE 0.6, range 2.9-4.5; mean PRP platelets: PRP white blood cells ¼ 60 AE 11.7, range 48-81). Simple interrupted sutures (2-0 polydioxanone) were passed through the sponge and IST to ensure proper placement of the sponge between bone and tendon in the prepared bed (footprint). The repair was then performed in the same manner as for the STD group ( Figs. 1 and 2 ). The IST insertion-to-suture distance was measured following repair and recorded. The surgical wounds were closed routinely, and the dogs were recovered from anesthesia. Analgesics were provided for at least 3 days after surgery and then as needed based on physical parameters indicating the presence of pain. The dogs were restricted to their kennels with monitored daily out-of-kennel exercise in a confined area for the entire study period. Dogs were assessed for any evidence of complications throughout the 12-week study period.
The dogs were sacrificed 12 weeks after surgery by an intravenous overdose of pentabarbitol/phenytoin. Magnetic resonance imaging (MRI) was performed immediately after sacrifice on all 20 shoulders. The IST bone-tendon-muscle complex was excised en bloc and photographed for gross assessment. The IST insertion-to-suture distance was measured and recorded. Half of the dogs were randomly assigned to histologic evaluation and half assigned to biomechanical testing such that five matched pairs of shoulders were evaluated using each of these outcome measures.
Magnetic Resonance Imaging
Magnetic resonance imaging performed on each shoulder using a 1.5 Tesla, GE Signa Horizon LX (Waukesha, WI) and a knee coil, following disarticulation of each forelimb. MRI was performed on each shoulder using the following sequences within the protocol: Coronal T2, sagittal T2 with fat saturation (FS), sagittal proton density FS, and coronal short T1 inversion recovery. The MRI was read by a musculoskeletal radiologist blinded to treatment and assessed using the following categorical grading system ( The categorical scores were summed to determine total MRI pathology score and used for comparison between groups. 
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Histology
After MRI, specimens for histology were harvested and placed in 10% buffered formalin. After fixing, the humerustendon-muscle complex for each specimen was trimmed and placed in 14% ethylenediaminetetraacetic acid (EDTA) solution (pH 7.4) with constant agitation for approximately 6-8 weeks. The EDTA solution was refreshed three times/week. Decalcification end point was determined by ammonium oxalate precipitation test. After complete decalcification, the specimens were histologically processed routinely and 5 mm thick longitudinal sections were cut and stained with hematoxylin and eosin for histological examination. These sections were subjectively assessed with light and polarized light microscopy by a board-certified veterinary pathologist (KK) blinded to treatment. Histologic grading was performed based on the same system as used for MRI with criteria adapted to histologic parameters. Specifically ( Tendon: Normal organization and integrity ¼ 0, mild disorganization, inflammation and/or degeneration ¼ 1, moderate disorganization, inflammation and/or degeneration ¼ 2, severe disorganization, inflammation and/or degeneration ¼ 3. Muscle: Normal morphology ¼ 0, mild inflammation, atrophy, and/or degeneration ¼ 1, moderate inflammation, atrophy, and/or degeneration ¼ 2, severe inflammation, atrophy, and/or degeneration ¼ 3.
The categorical scores were summed to determine the total histologic pathology score and used for comparison between groups.
Biomechanical Testing
For specimens assigned to biomechanical testing, the humerus (n ¼ 10, five each group) was secured in a customdesigned jig and the scapula was attached to the test machine ram using a jaw clamp to allow for tensile loading along the anatomical vector of IST contraction. Optical markers were mounted at standardized anatomical locations: (i) On the IST midway at the tendon-bone repair/insertion sites, and (ii) on the proximal humerus immediately distal to the tendon-bone repair/insertion site. Elongation of the repair sites was defined as the change in distance between markers and was measured to 0.01 mm resolution using an optical tracking system (NDI, Optotrak, ON, Canada), synchronized with measurement of the applied tensile load. The ISTs were loaded in tension to ultimate failure at a displacement controlled rate of 0.01 mm/s. Load at 2, 5, and 10 mm displacement of the tendon-bone junction was extracted from the load versus displacement curve of each sample. Ultimate failure, as defined by the maximum load measured during tensile loading, was recorded, and IST stiffness was calculated as the slope of the linear portion of the load versus displacement curve. Elongation (at 2, 5, and 10 mm), maximum load, and stiffness of the standard direct repair (STD) and repair with a demineralized canine cancellous bone sponge (FLX) were compared.
Statistical Analysis
Analyses were performed using a computer software program (Sigma Stat, Systat Software, Inc., San Jose, CA). Data for each group were combined and means AE standard deviations calculated. Change in IST insertion-to-suture distance measurements and biomechanical data (continuous) were compared between groups using a paired t-test. MRI and histologic scores (categorical) were compared between groups using a rank-sum test. A p < 0.05 was regarded as being statistically significant.
RESULTS
All dogs underwent all surgical procedures and survived for the intended duration of the study without evidence of related complications. No clinical signs of infection, dehiscence, or implant problems were noted in any dog.
Gross
Subjective assessment of the repair sites revealed consistent differences in appearance between groups. No failures of repair or obvious gaps or defects at the repair sites were noted within either group; however, DBM-PRP repairs were associated with significantly less (p ¼ 0.033) retraction after repair (Table 1) , and DBM-PRP repair sites were noted to have more discrete IST insertion sites for which the tendon-bone footprint could be clearly delineated compared to STD repair sites, which typically consisted of proliferative, less-organized fibrous tissue (Fig. 2) .
Biomechanical Testing
Loads to 2 mm displacement were not significant different between groups (p ¼ 0.69). However, the DBM-PRP specimens required significantly (p < 0.03) greater loads for displacement at 5, 10 mm, and failure. The DBM-PRP repairs were also significantly (p < 0.05) stiffer than STD repairs ( Table 2 ). Primary failure occurred at the tendon-bone repair site in all cases.
Magnetic Resonance Imaging
DBM-PRP repairs were graded as significantly (p < 0.05) better (lower score) compared to STD repairs based on blinded evaluations of 12-week MRI (Fig. 2) .
Histology DBM-PRP repairs were graded as significantly (p < 0.05) better (lower score) compared to STD repairs based on blinded histologic evaluations. Differences were most often noted for the tendon-bone insertion sites with the DBM-PRP group more commonly having a tendon-bone junction comprised of three distinct zones: Fibrous connective tissue (tendon), fibrocartilaginous tissue, and subchondral bone (mix of lamella and woven bones) with lack of a mineralization front, which is more consistent with a normal rotator cuff tendon insertion to bone. The STD group was typically comprised of two zones: Fibrous connective tissue and subchondral bone (Fig. 2) . No evidence for infection, rejection, or untoward immune reactions was noted for any repair based on histologic assessments.
DISCUSSION
Repair of large, retracted IST tears using a demineralized canine cancellous allograft bone matrix sponge (FlexiGraft) soaked in PRP was considered safe and 12 and 37% of normal IST failure load 22 at 12 weeks after repair. Although not reaching normal levels at this early time point, biomechanical properties of DBM-PRP repairs were superior to standard repairs and sufficient to prevent retraction and repair failure. In addition, blinded MRI and histologic evaluations revealed statistically significant benefits associated with the DBM-PRP repairs in terms of repair integrity and bone-tendon-muscle structure.
For large, retracted rotator cuff tears, the difficulty in consistently realizing effective tendon-to-bone healing is clearly documented. 4, 5, 13 Multiple anchor-based, double row, and transosseous techniques have been reported to improve healing of large tears.
14 However, other studies have not shown significant improvements in healing rates when using these types of mechanical augmentations alone. 15 Further augmentation of repairs using scaffolds 16 and biologic substances such as BMP-12, or BMP hydrogels 8, 17 and PRP 18 have been reported. Rodeo et al. 10 showed improved tendon-to-bone healing using a collagen scaffold and growth factors in a sheep model. However, other studies have not reported improved healing rates with platelet-rich fibrin matrix or PRP alone. 8, 16, [19] [20] [21] The variable and conflicting results of these studies suggest that the tendon-bone interface is complex and chronically-torn and retracted rotator cuff tendons have altered biomechanical and biologic characteristics that require a unique approach in order to consistently achieve functional healing. Therefore, further research aimed at addressing this critical clinical need, such as the present translational animal model study is warranted.
Previous translational research has suggested that bone-to-bone healing is superior to direct or augmented tendon-to-bone healing for repair of large, retracted rotator cuff tendon tears. 12 As such, Rodeo et al. 10 used a combination of a collagen sponge and osteoinductive growth factors to augment tendon-tobone healing. For the present study, we investigated a different scaffold-stimulus combination to enhance tendon to bone healing. Demineralized cancellous bone sponge combined with PRP provides unique properties that have the potential to address the biomechanical and biologic requirements needed for consistent functional healing in this high-demand environment, and already have regulatory approval. The demineralized cancellous bone sponge is biocompatible, malleable, elastic, and compressible, allows for cellular infiltration and neovascularization with the recruitment of osteoblasts and is osteoconductive. PRP has factors which may enhance the healing process including: Transforming growth factor, fibroblast growth factor, platelet-derived growth factor, vascular endothelial growth factor, and connective tissue growth factor. 8, 18 The data from the present study suggest that this combination was effective in addressing the requirements for functional healing of large, retracted rotator cuff tears based on the superior biomechanical properties, MRI appearance, and histologic morphology of the DBM-PRP augmented repairs compared to standard-of-care repairs. The significant improvements noted for all outcome measures, suggest that both biomechanical and biologic factors were involved in the improved healing that was noted for the augmented repairs.
The limitations of the present study include the use of bilateral surgically created defects in an animal model, the relatively short duration of the study, inclusion of only two treatment cohorts, and the use of subjective diagnostic imaging and histologic outcome measures. While the canine IST release model used does not fully mimic a chronic rotator cuff repair with degeneration and fatty infiltration often seen in patients, it does provide a viable translational model for large, 4-week retracted single-tendon tears that does not result in functional healing without effective surgical repair. 12, 22, 23 Chronic, retracted, bilateral IST tears can be considered an ethical "worst case scenario" preclinical model in that dogs weight bear on their forelimbs such that the repairs are subject to consistent dynamic loading. 23 While these IST defects are not associated with chronic pain in the dogs, they are associated with functional limitations and do not heal spontaneously nor with traditional repairs. 10, 12, 23 The subjective MRI and histologic grading systems used were designed to match one another, be similar to the qualitative portion of that used in a previous study, 10 and be clinically relevant. These subjective outcome measures corresponded well with one another, as well as the objective, quantitative gross measurement, and biomechanical testing data, suggesting that they are valid and applicable. Although the 12-week duration of the study does not allow for evaluation of the long-term effects of the implants or repairs, the time frame is clinically relevant in that effective healing should be accomplished within the first 3 months after surgery in order to allow patients to return to function and realize long-term success. While inclusion of additional treatment cohorts such as sponge-alone and PRP-alone may have provided data regarding relative contributions of each to enhanced healing, previous research has consistently shown that scaffolds or biologic stimuli alone do not consistently result in functional healing of large, retracted rotator cuff tendon tears. Therefore, this study was designed to evaluate a scaffold-stimulus combination that can be used clinically so as to maximize the potential for efficiency and efficacy in helping patients, as well as optimize the ethical use of research animals. Although this study design does not allow us to make conclusions regarding the efficacy of the demineralized bone matrix (DBM) sponge or PRP alone for successful treatment of these large, chronic, retracted defects, the data do allow us to conclude that the DBM sponge-PRP combination was effective.
We addressed the refine, reduce, and replace principles (the 3Rs) by doing preliminary in vitro work to optimize the biology and technique. We conducted a pre-study power analysis to determine minimally sufficient sample size, and we maximized use of animals by performing bilateral treatments and comprehensive outcome measures on each dog. The use of this clinically relevant large animal model also ensures maximal translational potential for the study. Based on previous studies showing inefficacy of scaffolds or biologic stimulus alone, the authors suggest that use of a scaffold-stimulus combination is a valid consideration for augmentation of surgical repair for rotator cuff tears that have poor healing rates. This combined biologic and biomechanical augmentation approach appears to provide the highest potential for improving functional healing rates in these difficult-to-treat cases. Based on relative costs, availability, and technical considerations associated with these products, it seems most prudent to maximize the potential for success in these patients using the scaffold-stimulus combination rather than trying to delineate relative contributions and delivery/implantation methods for each in the process of rotator cuff healing.
CONCLUSIONS
In this large animal model of a large, retracted rotator cuff tendon tear, placing a PRP-soaked demineralized cancellous allograft bone matrix sponge between the repaired tendon and host humeral bone resulted in superior structural and biomechanical properties as well as improved MRI and histologic characteristics of healing as compared to a standard-of-care suture bridge repair. The safety of the technique was demonstrated based on lack of clinical, diagnostic imaging, and histologic evidence of failure, infection, or rejection. Based on reported failure rates for repair of large, retracted rotator cuff tears, improving tendon-to-bone healing is critical. Use of a demineralized cancellous allograft bone matrix sponge combined with PRP shows potential as a safe and effective technique for addressing this critical clinical problem.
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